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ABSTRACT
Background. It is well known that the pulmonary veins (PVs), especially their
myocardial sleeves play a critical role in the initiation and maintenance of atrial
fibrillation. Understanding the PV anatomy is crucial for the safety and efficacy of
all procedures performed on PVs. The aim of this study was to present normal distal
PV anatomy and to create a juxtaposition of all PV ostium variants.
Methods. A total of 130 randomly selected autopsied adult human hearts (Caucasian)
were examined. The number of PVs ostia was evaluated and their diameter was
measured. The ostium-to-last-tributary distance and macroscopic presence of
myocardial sleeves were also evaluated.
Results. Five hundred forty-one PV ostia were identified. Four classical PV ostia
patterns (two left and two right PVs) were observed in 70.8% of all cases. The most
common variant was the classical pattern with additional middle right PV (19.2%),
followed by the common ostium for the left superior and the inferior PVs (4.44%).
Mean diameters of PV ostia (for the classical pattern) were: left superior =
13.8 ± 2.9 mm; left inferior = 13.3 ± 3.4 mm; right superior = 14.3 ± 2.9 mm; right
inferior = 13.7 ± 3.3 mm. When present, the additional middle right PV ostium had
the smallest PV ostium diameter in the heart (8.2 ± 4.1 mm). The mean ostium-to-
last-tributary (closest to the atrium) distances were: left superior = 15.1 ± 4.6 mm;
left inferior = 13.5 ± 4.0 mm; right superior = 11.8 ± 4.0 mm; right inferior =
11.0 ± 3.7 mm. There were no statistically significant differences between sexes in
ostia diameters and ostium-to-last-tributary distances.
Conclusion. Only 71% of the cases have four standard pulmonary veins. The middle
right pulmonary vein is present in almost 20% of patients. Presented data can provide
useful information for the clinicians during interventional procedures or radiologic
examinations of PVs.
Subjects Anatomy and Physiology, Cardiology
Keywords Myocardial sleeves, Middle lobe vein, Atrial fibrillation, Morphometry, Heart anatomy
INTRODUCTION
The pulmonary veins (PVs) are large blood vessels that carry oxygenated blood from
the lungs and drain into the left atrium (LA) of the heart. Most individuals have four
pulmonary veins, two on the left and two on the right (the inferior and the superior one),
but there are also different anatomical variations. The transition between the LA and PVs
(the venoatrial junction) is smooth without any pronounced folds. Moreover, there is no
microscopic boundary between the PVs and the LA endocardium (Moubarak et al., 2000).
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Thus, the anatomical identification of the PV ostium limits, both in the corpse and using
imaging techniques in living subjects, is usually complicated.
Despite the fact that PVs are the shortest of the great vessels, we cannot deny their
important physiological and pathophysiological role. Publications around the world warn
that ectopic centers responsible for the initiation of atrial fibrillation (AF), which is themost
common cardiac arrhythmia, could be located in PVs (Fynn & Kalman, 2004; Haïssaguerre
et al., 1998; Jaïs et al., 1997). The major sources of these ectopic beats appear to be the
muscular (myocardial) sleeves of the distal PVs which are simple extensions of the left
atrial myocardium over the outer surface of PVs (Saito, Waki & Becker, 2000; Woźniak-
Skowerska et al., 2011). This is the reason why they became a target of interventional
cardiology procedures such as catheter radiofrequency pulmonary vein isolation (Chen et
al., 2000; Gill, 2004). Hence, anatomy and morphology of PVs are crucial for planning and
performing invasive procedures by electrocardiologists and surgeons. It leads us to the aim
of this study, which was to present normal distal PV anatomy and to create a list of all PV
ostium variants that can be useful for clinicians. Also the ostium-to-last-tributary distance
and macroscopic presence of myocardial sleeves were evaluated.
METHODS
Study population
This study was conducted by the Department of Anatomy, Jagiellonian University Medical
College and it was approved by the Bioethical Committee of the Jagiellonian University
Medical College, Cracow, Poland (KBET/51/B/2013). Hearts were collected from deceased
persons when no objection was expressed - both from the donor and family. We examined
PVs in 130 randomly selected autopsied human hearts (Caucasian) of both sexes (94
males, 36 females) aged from 17 to 94 years old (49.2 ± 18.2 years old) with an average
measured body mass index (BMI) of 27.2 ± 6.0 kg/m2. All heart specimens were precisely
collected during routine forensic medical autopsies performed in the Department of
Forensic Medicine, Jagiellonian University Medical College from July 2013 to October
2014. Exclusion criteria include: severe anatomical defects, the overall condition of the
heart after heart surgery and grafts on the heart, visible severe macroscopic pathology of
the heart or vascular system found during the autopsy (aneurysms, storage diseases), heart
trauma, and macroscopic signs of cadaver decomposition. The main causes of death were:
suicide, traffic and home accidents, as well as murders. No death due to heart failure was
observed. There were no cases with past medical history of AF in the study group.
Dissection and measurements
All hearts were removed together with the proximal portions of the great vessels: the
ascending aorta, the pulmonary trunk, the superior vena cava, the inferior vena cava, and
with all PVs in particular. The preparation of the PVs was conducted from their ostia to
the LA, along their course towards the hilum of the lung. The main trunk of all present
pulmonary veins were dissected together with their direct tributaries. Dissected veins were
cut off from the rest of the pulmonary vasculature by a single incisions. After dissection,
all hearts were fixed in 10% paraformaldehyde solution minimum for a one month and
Klimek-Piotrowska et al. (2016), PeerJ, DOI 10.7717/peerj.1579 2/13
maximum of two months, until the measurements were performed. The hearts were
weighted and the heart circumference (the smallest circumference of the heart measured
between both atria and ventricles in the place of the coronary sulcus) was obtained before
fixation.
All 130 heart specimens were opened in the usual routine manner with an incision along
the posterior wall of the LA, perpendicularly to the mitral valve, half-way between left and
right PVs ostia.
All measurements were conducted using a 0.03 mm precision electronic YATO caliper
(YT–7201). All measurements were performed by two researchers in order to reduce
chances of human error. If the measurements of one parameter differed by more than
10%, they were not included in the database and the sample was measured again until the
full compatibility between researchers. The mean of the two measurements was calculated,
with approximation to the tenths decimal place.
Number, locations, variations and morphology of PV ostia were recorded in every heart.
The transverse diameter of all PV ostia, which is the largest dimension up to the first point
of resistance, was measured. The diameter was measured in one plane (the same in every
ostium), parallel to the line determined by the coronary sinus. The ostium-to-last-tributary
distance was measured as the shortest distance from the PV ostium to the distal junction of
its last tributary (the nearest to the ostium), along the course of the PV. The macroscopic
presence of myocardial sleeves was evaluated.
Statistical analysis
StatSoft Statistica 10.0 for Windows was used for all statistical analyses. The data are
presented as mean values, with corresponding standard deviations and percentages.
The independent t -test, paired-samples t -test, the Mann–Whitney U -test, Wilcoxon
signed rank test were executed for the statistical comparison of PV ostium diameter and
ostium-to-last-tributary distance between hearts. Correlation coefficients were calculated
to measure statistical dependence. P-values lower than 0.05 were considered as statistically
significant.
RESULTS
Mean heart weight was 448.6 ± 121.1 g and mean heart circumference was 24.1 ± 2.9 cm.
Fife-hundred-forty-one PV ostia in 130 hearts were identified and measured.
Four classical PVs pattern
Four classical PV ostia pattern (two left and two right PVs) were observed in 92 (70.8%)
cases. Table 1 presents mean, minimum and maximum values of PV ostia diameters in
hearts with 4 classical PVs pattern. There were no significant differences in PV diameter
between sexes. Mean diameters for the right superior and the right inferior PVs were
correlated with age (r = 0.22; p= 0.03 and r = 0.29; p= 0.005 respectively). The diameters
were not dependent on BMI, heart weight and heart circumference. The ostium diameters
are significantly larger for the superior PVs than the inferior PVs (p< 0.05). In 29.2% of
hearts, PVs anatomy was different than typically. In 19.2% of our samples additional PV
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Table 1 Mean, minimum andmaximum values of pulmonary veins ostia diameters (mm).
Group N Pulmonary vein Ostium diameter (mm)
Mean SD Minimum Maximum
Left superior 13.8 2.9 6.2 19.8
Left inferior 13.3 3.4 4.4 27.1
Right superior 14.3 2.9 7.6 21.7
Classical 4
PVs pattern 92
Right inferior 13.7 3.3 5.3 22.5
Left superior 13.2 2.9 8.3 21.2
Left inferior 12.0 3.1 3.7 19.6
Right superior 12.7 3.7 6.4 20.0
Right inferior 12.4 3.9 4.9 19.9
Additional
middle right PV 25
Additional right middle 8.2 4.1 2.1 22.0
Common left 19.6 6.7 10.3 26.3
Right superior 13.1 5.1 7.2 20.2
Common ostium
for left superior
and inferior PVs
6
Right inferior 13.7 2.1 12.0 17.4
Notes.
N, Number of samples; PV, Pulmonary vein; SD, Standard deviation.
Table 2 All pulmonary vein ostium variations observed in this study.
Group N %
Four classical PVs pattern 92 70.8%
Additional middle right PV 25 19.2%
Common ostium for the left superior and left inferior PVs 6 4.44%
Common ostium for the left superior and left the inferior
PVs, with additional middle right PV
2 1.48%
Lack of the left inferior PV 1 0.77%
Two additional middle veins (one left and one right) 1 0.77%
Four right PVs with two left PVs 1 0.77%
Lack of the right and left inferior PVs 1 0.77%
Additional middle left PV 1 0.77%
Notes.
N, Number of samples; PV, Pulmonary vein.
was located on the right and on the left side only in 4.6% (Table 2). Figure 1 presents the
most common variations.
Heart with 2 PV ostia
There was only one heart (0.77%) with two ostia. In this case, lack of inferior PVs ostia—
both left and right ones—was noticed. The diameters of the right and the left PVs ostia
were 12.0 mm and 10.7 mm respectively.
Hearts with 3 PV ostia
This group contains 7 heart samples (5.38%) with two different variations of the PV ostia
pattern:
I—common ostium for the left superior and the left inferior PV (4.44%),
II—lack of the left inferior PV ostium (0.77%).
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Figure 1 Photograph of cadaveric heart specimens with examples of pulmonary veins ostia patterns
(view of the posterior and superior wall of the left atrium). (A) four classical pulmonary veins pattern;
(B) additional middle right pulmonary vein; (C) common ostium for left superior and inferior pulmonary
vein. LC, left common; LI, left inferior; LS, left superior; RI, right inferior; RM, right middle; RS, right su-
perior.
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The mean diameter of the common ostium for the left superior and the left inferior PV
was 19.6 ± 6.7 mm and was significantly higher than mean diameters for the left superior,
the right superior and the right inferior PVs ostia in classical pattern (p< 0.05)— Table 1.
Hearts with 4 PV ostia (with variations)
In two cases (1.48%) we observed 4 ostia of the PVs, but the anatomy was surprisingly
complex. There were two abnormalities found in both hearts: the common ostium for the
left superior and left inferior PVs, as well as the additional middle right PV ostium.
Hearts with 5 PV ostia
There were 26 (20% of total amount) cases in which an extra PV ostium was described. In
25 of them an additional middle right PV ostium was observed (19.2% of all cases). Mean,
minimum and maximum values of PV ostia diameters for hearts with additional middle
right PV are presented in Table 1. In one heart (0.77%), an additional PV ostium was
located on the left side. There were significant differences in diameters of the right superior
PV ostium for hearts with an additional middle right PV and hearts with the classical PV
pattern (p< 0.05); the right superior PV ostium diameter was smaller in hearts with 5 ostia.
The mean diameter of the additional middle right PV ostium was the smallest PV ostium
diameter in the heart when the additional ostium was present. No significant differences
were noticed in PV ostium diameter between sexes. Diameters were not dependent on age,
BMI, heart weight nor heart circumference.
Hearts with 6 PV ostia
Only 2 hearts (1.54%) had two additional PVs ostia. In one of them, we noticed four
right PVs, with two regular left ones. In the latter case, two additional middle veins were
observed: one left and one right.
Ostium-to-last-tributary distance
Table 3 shows mean, maximum and minimum values of the ostium-to-last-tributary
distance. The ostium-to-last-tributary distance of the left superior and the left inferior
PVs (for classical pattern) were correlated with age (r = 0.31; p= 0.003 and r = 0.23;
p= 0.03 respectively) and BMI (r = 0.24; p= 0.02 and r = 0.25; p= 0.02 respectively). The
distance was not dependent on heart weight, heart circumference and PV ostium diameter
for classical PV ostium pattern and also not dependent on age, BMI, heart weight, heart
circumference and PV ostium diameter for hearts with additional middle right PV. There
were no significant differences in ostium-to-last-tributary distance between sexes. In all
130 investigated hearts, we were able to detect myocardial sleeves macroscopically which
were extended from the LA onto the adventitial surface of the PVs. They could be detected
due to difference in color and course of fibers (Fig. 2).
DISCUSSION
There is no doubt that the clinical importance of pulmonary vein anatomy is crucial
for planning and performing the catheter and balloon-based pulmonary vein ablation
(isolation) procedures (Aktan Ikiz, Üçerler & Özgür, 2014; Köse et al., 2012; Mayor, 2015;
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Figure 2 Photograph of cadaveric heart specimen. Left superior pulmonary vein with clearly expressed
myocardial sleeves of pulmonary vein.
Table 3 Mean, minimum andmaximum values of the ostium-to-last-tributary distance (mm).
Group N Pulmonary vein Ostium-to-last-tributary distance (mm)
Mean SD Minimum Maximum
Left superior 15.1 4.6 8.0 27.0
Left inferior 13.5 4.0 6.1 22.3
Right superior 11.8 4.0 3.8 22.0
Classical 4
PVs pattern 92
Right inferior 11.0 3.7 4.0 22.2
Left superior 14.6 5.7 7.9 31.3
Left inferior 14.2 7.1 5.9 37.7
Right superior 11.7 3.0 7.5 19.0
Right inferior 11.4 4.0 6.4 23.0
Additional
middle right PV 25
Additional right middle 7.8 3.2 4.0 17.7
Common left 16.9 6.9 6.6 27.0
Right superior 10.5 2.5 7.3 14.1
Common ostium
for left superior
and inferior PVs
6
Right inferior 10.7 2.2 8.9 14.4
Notes.
N ,Number of samples; PV, Pulmonary vein; SD, Standard deviation.
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Nalliah et al., 2015; Rettmann et al., 2015; Sarabanda et al., 2005; Stanford & Breen, 2005).
Classical 4 PV ostia pattern could be observed in 68–81% of all individuals (Aktan Ikiz,
Üçerler & Özgür, 2014; Kaseno et al., 2008; L C et al., 2014; Marom et al., 2004; Scharf et al.,
2003; Tekbas et al., 2012). The present study confirms that a common PV ostium occurring
on the left side is the most frequent anatomical variation in the healthy population, whereas
an additional ostium is most common on the right side of the left atrium (Prasanna et
al., 2014; Stanford & Breen, 2005; Vasamreddy et al., 2004;Woźniak-Skowerska et al., 2011).
Contrast-enhanced computed tomography, PV angiography, magnetic resonance imaging,
transthoracic, transoesophageal or intra-cardiac echocardiography are extremely helpful,
commonly used techniques before radiofrequency catheter ablation/isolation of PVs.
Diagnostic imaging performed prior catheter procedures to provide accurate elucidation
of the anatomy is the only way for their safe and effective execution (Stanford & Breen,
2005; Vasamreddy et al., 2004).
Our study confirms that the accessory middle right PV is the second most common
variation immediately after the classical pattern in healthy individuals (Ho, Anderson &
Sánchez-Quintana, 2002; Niculescu et al., 2006; Stanford & Breen, 2005). This additional
vein (always with the smallest diameter among all PVs) is the middle lobe vein which
drains directly to the left atrium. Originally, the middle lobe vein is tributary to the
superior pulmonary vein, but in about 20% of all patients it can pass independently. Since
this vein also has themyocardial sleeve, clinicians should be aware of this frequent anomaly,
especially since its minimum diameter is only about 2 mm, and it could be omitted in
imaging tests.
Some studies pointed that there is no significant association between any particular
PV drainage pattern and atrial arrhythmia. However, Marom et al. (2004) stated that
patients with the additional right middle lobe PV tended to present higher frequency of AF
than those with other patterns. Other studies show that anatomical variants are observed
more often in patients with AF compared to controls (Gebhard et al., 2014). Den Uijl et al.
(2011) stated that the presence of normal anatomy of the right PVs is an independent risk
factor for AF recurrence. Interestingly, we can find some imaging studies which indicates
that the classical PV ostium pattern could be seen in the minority of patients with AF
undergoing PV isolation (McLellan et al., 2014; Mlcochová et al., 2005). Mlcochová et al.
(2005) have shown the classical pattern in only 30% and the presence of a left common
PV ostium in 75% of patients using 3D magnetic resonance angiography. Also, McLellan
et al. noticed the classical pattern and the left common PV ostium in 47% and 37% of AF
patients respectively; they also concluded that the presence of the left common PV was
associated with an increased freedom from AF after catheter ablation (assessed by using
Cox regression analysis in univariate and multivariate models) (McLellan et al., 2014). In
conclusion, we can note a trend that the common left PV ostia are more frequently found
in AF patients, while in the normal population they are the minor variation (up to 15
%) (Aktan Ikiz, Üçerler & Özgür, 2014; Woźniak-Skowerska et al., 2011). Isolation of such
small ostia entails much higher risk of PV stenosis caused by catheter ablation.
In our study group, we noted that the ostium diameters are significantly larger for
the superior PVs than the inferior PVs. There were no relations found between the PV
Klimek-Piotrowska et al. (2016), PeerJ, DOI 10.7717/peerj.1579 8/13
dimensions and outcome of PVs radiofrequency catheter ablation in previous studies
(Den Uijl et al., 2011; Hof et al., 2009). Woźniak-Skowerska et al. (2011) found that mean
diameters of all PVs (except for the right inferior PV) were larger in AF patients than
in control cases. Gebhard et al. (2014) and Schwartzman, Lacomis & Wigginton (2003)
confirmed increased diameter of PV ostia in the AF group and also the total ostial
PV volume is significantly increased in patients with AF, compared to controls. Mean
PV diameters at the ostia were slightly higher in our study group, compared with the
studies conducted by Cronin et al. (2009) and Kim et al. (2005), and lower relative to
Schwartzman, Lacomis & Wigginton (2003) and Gebhard et al. (2014). What is surprising
is that PV diameters measured by Niculescu et al. (2006) were over 2.5 times higher than
our results. There is also evidence that ostium diameters are much larger in male PVs
than in the female ones, but we cannot confirm those statements (Schwartzman, Lacomis
& Wigginton, 2003). Kato et al. (2003) draws the attention to the shape of the PV ostia. In
both AF patients and control group, ostia were oblong in shape with the superior-inferior
dimension greater than the anteroposterior dimension (Kato et al. 2003). We can confirm
that PV ostia are not perfectly round, but more oval in shape.
Ostium-to-last-tributary distance (also known in other studies as the distance to the
first bifurcation or branch) could be a very informative parameter for clinicians. This study
shows that myocardial sleeves of PVs are macroscopically present in all pulmonary veins.
Our mean measurement results of ostium-to-last-tributary distance were significantly
lower in comparison with the computed tomography study conducted by Cronin et al.
(2009) (except for the right inferior PV, where it was significantly higher) and 2–3 times
lower when compared with Schwartzman, Lacomis & Wigginton (2003) for both AF (−)
and AF (+) groups (multidimensional computed tomography).
There are some limitations of this study. The first is that our study comprised only
cases with no history of AF, but it can also be considered as an advantage, since we are
able to show anatomical variations in healthy group which may be used as a control for
other studies. The second is that all the measurements were taken from autopsied heart
specimens that were fixed in formalin, which could cause some slight changes in size and
shape of the heart.
CONCLUSION
Only 71% of the investigated hearts contained four standard pulmonary veins. The middle
right pulmonary vein is present in almost 20% of the hearts. Presented data can provide
useful information for the clinicians during interventional procedures or radiologic
examinations of PVs.
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